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The  growth  rate  of  Chlorella  sorokiniana  decreased  in  a  linear  fashion  as  the  partial 
pressure  of  oxygen  was  increased  from  711  to  1,478  mm  of  Hg.  Under  two  atmos¬ 
pheres  of  oxygen  pressure,  growth  ceased  aftci  10  to  12  hr.  This  cessation  of  growth 
was  not  due  to  any  permanent  injury,  as  growth  resumed  when  oxygen  partial  pres¬ 
sure  was  reduced  to  ambient  levels.  The  inhibition  occurred  under  both  autotrophic 
and  heterotrophic  growth  conditions  and  was  not  accompanied  by  an  increase  in 
cell  size.  The  results  indicated  that  the  tolerance  of  Chlorella  cells  to  elevated  oxygen 
pressures  was  not  an  absolute  immunity,  and  that  inhibition  of  growth  at  very  high 
oxygen  pressures  cannot  be  accounted  for  by  an  inhibition  of  photosynthesis  alone. 


The  toxic  effect  of  oxygen  has  been  demon¬ 
strated  in  all  forms  of  life,  including  unicellular 
rucrobes  (4,  5,  12,  13).  Although  considerable 
literature  and  several  theories  exist  concerning  the 
phenomenon,  relatively  little  is  known  about  the 
mechanism  of  oxygen  toxicity.  Recently,  we  have 
been  studying  some  physiological  and  biochemi¬ 
cal  aspects  of  an  oxygen-tolerant  strain  (OTS)  of 
the  algal  species  Chlorella  sorok  iniana  (Shihira  and 
Krauss.  II).  These  studies  demonstrated  that 
OTS  cells  grew  at  an  optimal  rate  of  about  9  to 
9.5  doublings  per  day  when  grown  at  a  light 
intensity  of  about  1.5(H)  ft -c  in  Knop's  nutrient 
solution  aerated  with  either  air  and  5',  CO-j  or 
95',  ()•..  and  5',  CO-  (Wagner  and  Welch,  in 
preparation ).  The  experiments  also  suggested  that 
partial  pressures  of  oxygen  ranging  from  150  to 
730  nun  of  Hg  permitted  optimal  growth  of  OTS 
cells.  To  elucidate  further  the  tolerance  of 
Chlorella  to  elevated  oxygen  concentrations,  it 
was  desirable  to  determine  the  growth  rates  of 
OTS  under  varying  partial  pressures  of  oxygen. 

MATERIALS  AND  METHODS 

The  growth  experiments  reported  herein  were  per 
Unmed  m  a  model  614  hyperbane  chamber  (The 
Bethlehem  Corp  .  Bethlehem.  I’a .<  specially  modified 
for  giowmg  algae  temperature  control  was  achieved 
by  introducing  a  stainless  steel  healing  coil  into  the 
chamhct  I  he  coil  was  passed  through  two  openings  in 
the  vhaiiihcr  by  means  of  pressure  light  stainless  steel 
hillings  and  connected  to  a  calculating  water  bath 
C  hamhei  Icmpcialurc  was  conliollcd  and  monitored 

1*1  Will  .Itltlli'VA  |>Of».lltrtR'M(  ol  lllojli'mivlll  .(ml  N’tlllllldH, 
l  iiivctMti  ..I  Nvbi.tsk.i.  I  MU. .111.  V»»  fiN'nt. 


by  means  of  a  model  73  resistance  thermometer 
(Yellow  Springs  Instrument  Co.,  Inc.,  Yellow  Springs, 
Ohio)  wired  in  series  with  the  water  bath.Toallow  for 
independent  aeration  of  the  algal  sample,  mo  low- 
pressure  hoses  were  attached  from  an  oxygen  regulator 
to  the  chamber.  One  of  these  was  secured  directly  to 
the  chamber  and  allowed  for  pressurization;  the 
second  gas  hose  was  attached  to  a  0.63-cm  length  of 
stainless-steel  tubing  which  passed  into  the  hyperbaric 
chamber.  Inside  the  chamber,  this  tubing  was  Connec¬ 
ted  to  the  algal  growth  vessel  by  a  piece  of  latex  tubing. 
A  controlled  leak  was  used  for  accurate  regulation  of 
chamber  pressure  and  to  allow  for  gas  llow  through 
the  algal  culture.  Pressure  was  monitored  by  means 
of  a  mercury  U  tube  manometer  connected  to  the 
hyperbaric  chamber. 

The  algal  growth  vessel,  a  ‘‘lollipop"  about  0.5  cm 
thick  and  8  cm  in  diameter,  was  placed  inside  the 
chamber  directly  in  front  of  a  glass  window.  The 
vessel  was  illuminated  from  outside  the  hyperbaric 
chamber  by  two  Huores.cnt  lamps  (high  output,  cool 
white i .  Light  inlcnsili  at  the  surface  of  the  growth 
vessel  was  about  1, 5(H)  It-e.  For  dark  studies,  the 
chamber  window  was  covered  with  a  double  thickness 
of  aluminum  I  il.  The  lollipop  had  one  port  at  the  top 
to  allow  excess  gas  to  escape  from  the  vessel  and  two 
ports  at  the  bottom,  one  for  aeration  and  one  for 
sampling.  The  sample  outlet  of  the  growth  vessel  was 
connected  to  a  port  on  the  wall  of  the  hyperbaric 
chamber,  allowing  for  sampling  without  disruption  of 
the  atmosphere  inside  the  chamlxi , 

Stock  cultures  of  OTS  cells  were  maintained  at  38  C 
in  illuminated  culture  tubes  aerated  with  95'  ,  O,  s'  , 
CO.  C  ells  of  the  wild  type  or  oxygen  sensitive  strain 
'OSS',  were  aerated  with  95' ,  an  s'  ,  CO  lo  deter¬ 
mine  the  growth  rate  of  cells  at  any  particular  a  linos 
plica  iv  condition,  a  sterile  lollipop  was  inoculated  w  ith 
ahoul  25  ml  of  a  dilute,  axer.ic.  log  phase  culture 
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about  10  hr  before  the  growth  measurements  were  to 
begin.  During  this  time,  the  sample  was  equilibrated 
to  the  temperature  of  the  chamber  (38  C)  and  aerated 
with  3'y  CO.-20.9' ,  Os-76.1  rj  Nj  at  ambient  pres¬ 
sure  (748  ±  4  mm  of  Hgj.  The  gas  regulator  was  then 
transferred  to  a  cylinder  containing  the  gas  mixture 
desired  for  study.  For  the  hyperbaric  experiments, 
chamber  pressure  was  adjusted  in  the  range  of  770  to 
1,540  mm  of  Hg  above  ambient  to  provide  a  total 
pressure  of  2  to  3  atm.  The  first  growth  measurements 
were  taken  not  less  than  1  hr  after  the  change  in  gas  or 
total  pressure,  thus  allowing  sufficient  time  for  the 
dissolved  gases  to  come  into  equilibrium  with  the  new 
gas  phase.  Although  the  chamber  pressure  varied 
somewhat  and  required  periodic  adjustment,  it  was 
easily  maintained  within  5  mm  of  Hg  of  the  desired 
level.  CO.  concentrations  of  gas  mixtures  used  at 
ambient  pressure  were  approximately  S',', .  Those  used 
at  2  atm  were  2.5  to  3' ,  and  those  at  three  atmospheres 
were  1 .5  to  2rc  CO-;  thus,  the  pCO.  was  essentially  the 
same  in  all  cases. 

Culture  populations  were  determined  by  counting 
cells  with  a  hemocytometcr.  Growth  rates  were 
calculated  in  terms  of  doublings  per  day. 

RESULTS 

The  influence  of  oxygen  tension  on  growth  rate 
during  the  first  24  hr  of  exposure  to  the  various 
gas  mixtures  studied  is  illustrated  by  Fig.  1.  The 
growth  rate  of  OTS  cells  was  unaffected  by  varia¬ 
tions  in  oxygen  pressure  in  the  range  of  1 31  to  71 1 
mm  of  Hg.  At  zero  oxygen  tension,  the  growth 
rate  was  accelerated  about  12',,  from  8.5  to  9.2 
doublings,  day  to  10.0  doublings,  day.  As  p02  was 
increased  from  711  to  1,478  mm  of  Hg,  growth 
rate  decreased  in  a  linear  fashion.  Tests  with  the 
OSS  indicated  that  after  an  initial  adaptation 
period  of  4  to  8  hr,  its  response  to  oxygen  is  similar 
to  that  of  the  OTS,  although  growth  rate  reduc¬ 
tion  occurs  at  somewhat  lower  oxygen  pressures. 

When  pO-_.  was  maintained  in  a  range  of  156  to 
711  mm  of  Hg,  nitrogen  partial  pressures  of  as 


Ik..  I  Effects  of  oxygen  piininl  pressure  on  the 
growth  rotes  of  osygen  tale  root  (#>  and  oxygen  sen¬ 
sitive  i A)  strums  of  (  sorokiniana.  Each  point  repre¬ 
sents  the  meon  of  three  determinations. 


Fig.  2.  Effect  of  nitrogen  partial  pressure  on  the 
growth  rale  of  C.  sorokiniana  OTS. 


much  as  3  atm  resulted  in  a  relatively  slight  reduc¬ 
tion  growth.  The  slope  of  the  least -squares  line  is 
significantly  different  from  zero,  but  it  represents 
only  about  a  10' ;  decrease  in  growth  rate  at  2,055 
mm  of  Hg  (Fig.  2).  Thus,  the  inhibitory  effects  of 
high-oxygen  partial  pressures  on  the  growth  of 
OTS  cells  appear  to  be  due  at  least  primarily  to 
oxygen  per  se,  rather  than  to  a  pressure  or  inert 
gas  elfect. 

Typical  growth  curves  for  cultures  in  1  atm  of 
oxygen,  2  atm  of  oxygen,  and  2  atm  of  nitrogen 
are  represented  in  Fig.  3.  Under  2  atm  of  oxygen, 
growth,  in  terms  of  cell  division,  ceases  after 
about  10  to  12  hr.  Resumption  of  growth  never 
occurred  in  cultures  maintained  up  to  120  hr. 
This  was  also  the  case  with  OSS  cells.  If  oxygen 
pressure  was  reduced  to  156  mm  of  Hg,  growth 
was  resumed  and  proceeded  at  a  normal  rate 
(Fig.  4).  Cell  size  distribution,  determined  by 
means  of  a  Coulter  counter,  was  found  to  be  the 
same  before  and  after  8  hr  of  exposure  to  1,478 
mm  of  On,  and  microscopic  examination  revealed 
no  formation  of  giant  cells  or  other  gross  abnor¬ 
malities  in  the  oxygen-treated  cells. 

Because  of  the  well-documented  inhibition  of 
photosynthesis  by  oxygen  (14),  it  appeared  advis¬ 
able  to  determine  whether  the  oxygen-induced 
inhibition  of  growth  would  also  occur  under 
heterotrophic  conditions.  Typical  growth  curves 
of  OTS  grown  on  1'  ,'  (w,  v)  glucose  under  711 
and  1,478  mm  of  pOs  are  shown  in  Fig.  5.  The 
effects  of  the  higher  oxygen  level  in  either  light  or 
darkness  were  essentially  identical  to  those  ob¬ 
tained  with  autotrophic  conditions. 

Since  succinate  and  lactate  have  been  reported 
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Fig  3.  Typical  growth  curves  ofOTS  cells  when  pO:  is  I  aim  or  less  (O),  pN,  is  2  aim  (□),  and  pfh  is  2  aim 
(A). 


Fig.  4.  Growth  pattern  of  OTS  cells  when  oxygen 
partial  pressure  is  reduced  from  2  to  less  than  I  aim. 

to  protect  against  oxygen  toxicity  in  animals 
(3.  101,  an  attempt  was  made  to  determine  if  these 
materials  would  protect  OTS  cells  against  high 
oxygen  pressures.  At  concentrations  of  0.01  and 
0  1  m,  these  materials  had  no  effect  on  growth  at 
1 ,478  mm  of  pO-  in  either  light  or  darkness. 
However,  neither  succinate  nor  lactate  would 
support  growth  in  darkness  at  ambient  oxygen 
pressures,  suggesting  that  they  are  not  taken  up  by 
(  sornkiniana  and.  therefore,  cannot  serve  as 
either  carbon  sources  or  protectants.  Samejima 


Fig.  5.  Typical  grim  lit  curves  of  Oi  S  cells  grown 
lieterotrophicully  in  the  light  at  /  atm  of  oxygen  I  O  i, 
in  the  dark  at  I  atm  of  oxygen  •  >.  in  the  light  at  2 
atm  of  oxygen  tA),  and  in  the  dark  at  2  arm  of  oxygen 
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and  Myers  (9)  reported  that  these  materials  will 
not  support  the  growth  of  other  Chlorella  species. 

DISCUSSION 

The  maxima!  oxygen  tension  under  which  the 
OYS  is  capable  of  sustained  growth  lies  between 
1  and  2  atm.  Chlorella ,  therefore,  appears  to  be 
considerably  more  resistant  to  the  effects  of 
hyperbaric  oxygen  than  are  mammalian  systems 
and,  in  this  respect,  resembles  the  aerobic  bac¬ 
teria.  Ollsdart  (8)  reported  that  the  growth  rate  of 
Escherichia  cali  declines  as  oxygen  pressure  is 
raised  above  1  atm,  and  Bornside  (1)  found  the 
growth  rate  of  Staphylococcus  aureus  to  be 
reduced  60' ,  in  3  atm  of  oxygen.  Kaye  (7)  re¬ 
ported  diverse  bacterial  responses,  with  several 
species  unaffected  by  oxygen  at  3  atm. 

The  only  previous  work  with  pressure  effects  on 
Cltlorella  appears  to  be  that  of  Hannan  (6),  who 
reported  that  when  carbon  dioxide  is  not  limiting, 
pressures  of  more  than  10  psi  above  ambient 
progressively  inhibit  oxygen  production.  Since 
oxygen  production  and  cell  growth  are  concomi¬ 
tant  phenomena,  the  effects  of  pressure,  depicted 
in  Tig.  2,  cun  be  said  to  substantiate  Hannan's 
findings.  This  etfect  of  pressure  may  be  of  some 
importance  in  oceanographic  studies  of  phyto¬ 
plankton. 

The  ability  of  the  cells  to  resume  growth  when 
oxygen  tension  was  lowered  from  2  to  1  atm 
seems  indicative  that  cessation  of  growth  was  not 
due  to  any  permanent  injury  This,  too,  is  paral¬ 
leled  by  bacterial  studies.  Caldwell  (2)  reported 
that  growth  of  Bacillus  suhlilis  is  inhibited  at  1 1 
atm  oft)  but  resumes  when  pressure  is  released. 

That  elimination  of  oxygen  from  the  gas  phase 
results  in  an  accelerated  growth  rate  was  first 
noted  by  C.  H.  Ward  ( //// published  data )  during 
the  initial  isolation  of  the  oxygen  tolerant  strain. 
This  phenomenon  may  be  due  to  the  inhibitory 
effects  of  even  moderate  partial  pressures  of  oxy 
gen 

Since  cessation  of  growth  in  2  atm  of  oxygen 
occurs  under  both  heterotrophic  and  autotrophic 
conditions,  it  does  not  seem  that  the  inhibition  of 


photosynthesis  is  sullkienl  to  account  for  this 
effect.  Therefore,  the  possibility  of  a  common 
mechanism  of  oxygen  toxicity  in  algal  and 
mammalian  systems  remains  open,  and  algae  may 
be  useful  in  elucidating  the  problem  of  oxygen 
toxicity  in  man. 
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1  13  ABSTRACT 

The  growth  rate  of  the  oxygen  tolerant  strain  (OTS)  of  Chlorella  sorokiniana 
decreases  in  a  linear  fashion  as  the  partial  pressure  of  oxygen  is  increased  from 
711  to  1478  mm  Hg.  Under  two  atmospheres  of  oxygen  pressure  growth  ceases  after 
10  to  12  hours.  This  cessation  of  growth  is  not  due  to  any  permanent  injury, 
as  growth  is  resumed  when  oxygen  partial  pressure  is  reduced  to  ambient  levels. 
The  inhibition  occurs  under  both  autotrophic  and  heterotrophic  growth  conditions 
and  is  not  accompanied  by  an  increase  in  cell  size.  The  results  indicate  that 
the  tolerance  of  OTS  cells  to  elevated  oxygen  pressures  is  not  an  absolute 
immunity,  and  that  inhibition  of  growth  at  very  high  oxygen  pressures  cannot  be 
accounted  for  by  an  inhibition  of  photosynthesis  alone. 
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